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Abstract 
Molecular weights of the purified light-harvesting complexes B800-850 and B875 from purple bacterium Rubri~:ivax 
gelatinosus were determined in detergent solutions by analytical centrifugation. The precise density measurement of the 
antenna solutions provided the values of the buoyant factor of both complexes. Phospholipid content was measured in both 
antennae. Sedimentation velocity and equilibrium centrifugation i dicated that the B800-850 sample is monodisperse and 
composed from heptamers (e¢/13/3 Bacteriochlorophyll a l l .3  Carotenoid) 7. B875 is not monodisperse but analysis of 
equilibrium centrifugation i dicated that its smallest oligomer is a dodecamer (e~/[3/2 BChla/2 hydroxyspheroidene)12; 
larger oligomers probably coexist. The amount of bound detergent could be calculated. B800-850 binds about 0.4-0.5 g of 
lauryl-dimethyl-amine oxide per g of protein (i.e., 28-35 detergent molecules per c¢/[3), while a large amount of detergent 
(2.3 g of decanoylsucrose p r g of protein, i.e., 64 detergent molecules per ¢x/13) is bound to B875. The electron 
microscopy images of both antennae in detergent solutions after negative staining are presented and compared to the 
centrifugation results. 
Keywords: Photosynthesis; Purple bacterium; Light-harvesting complex; Analytical centrifugation; Electron microscopy; (Re. gelati- 
IIOSIJS) 
1. Introduction 
The light-harvesting complexes of purple bacteria 
collect and transfer the light energy to the photosyn- 
thetic reaction center. This function relies upon spe- 
Abbreviations: Bchl, bacteriochlorophyll; B800-850 and B875, 
peripheral nd core light-harvesting complexes, respectively (also 
called LHII and LHI) ; Car, carotenoid ; C l0 S, decanoyl sucrose; 
C 12E9, nonaethyleneglycol lauryl ether; LDAO, lauryl-dimethyl- 
amine-N-oxide; RC, reaction center; Rt'., Rubritdcax; R., Rho- 
do~wirillum; Rb., Rhodobacter; Rps., Rhodopseudomonas. 
* Corresponding author: Fax: +33 1 69823562; e-mail: 
freiss @ cgm.cnrs-gif.fr. 
cific positioning of the pigment molecules, bacterio- 
chlorophylls (Bchls) and carotenoids, within their 
proteic hosts, and upon the oligomeric association of 
pigment-protein subunits. The basic motive of these 
complexes is formed by two small polypeptides ¢x 
and [3 which bind non-covalently two or three 
molecules of BChl a and 1-2 carotenoids [1,2]. In 
several species, these antennae form two classes, 
which are functionnally distinct, named B875 and 
B800-850 because of their 1R absorption (or LHI and 
LHII, respectively). In the bacterial membrane, the 
B875 complexes are considered to surround the reac- 
tion center closely and in a fixed ratio [3] while the 
B800-850 complexes are peripheric; the light energy 
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is directed from B800-850 through B875 to the RC 
where it is trapped and converted in charge separa- 
tion (see Ref. [4] for a review). 
A wealth of spectroscopic, biochemical and struc- 
tural data have been collected on these antennae both 
in vivo and in vitro, culminating very recently in the 
description of the atomic structure of the B800-850 
complex isolated from Rhodopseudomonas ci- 
dophila [5]. This work demonstrates the precise 
oligomeric organization of this antenna into a cylin- 
drical ring built from 9 e~ and 9 [3 subunits and the 
associated pigments, an organisation that was not 
predicted by previous models built on spectroscopic 
and biochemical data (reviewed in Ref. [6]). Model- 
ing of the 3-D crystal structure of the Rhodospirillum 
molischianum B800-850 [7] indicated an octameric 
assembly, which was also observed in the detergent 
solution [8] (see below). 
At a lower resolution, the structure determined for 
Rhodo,spirillum rubrum B875 antenna in two-dimen- 
sional crystals also indicated the ring-like association 
of subunits, but comprising 16 0~[3 in that case [9]. 
Two-dimensional crystalline arrays in the Rps. ciridis 
membranes were proposed to consist of regular ings 
of B875 antenna around each RC, with a 6-fold 
symmetry [10]; similar observations were recently 
made for the Rps. marina membranes [11]. In vivo, 
the B875 antenna was generally supposed by both 
biophysicists and biochemists to be a dodecamer (see 
Ref. [12] for a review). 
A related question is the state of aggregation of the 
isolated antenna in a detergent solution. In the case of 
B875 it has been studied extensively by dissociation- 
reassociation experiments initiated by Loach and 
coworkers [13]; a general agreement on the oligomeric 
nature of this complex was reached, but the sizes of 
the minimal building block and of the native complex 
are still disputed [4,14]. An informative technique is 
electron microscopy. Careful studies of the B800-850 
antenna from Rb. sphaeroides in dodecyl maltoside 
solution [15] indicated the presence of oligomers with 
a 2- and/or 3-fold symmetry, identified with (o~[3)6, 
while image analysis of the 2D-crystals of B800-850 
from Rb. capsulatus and Ectothiorhodospira sp. in- 
dicated the presence of nonamers (~[3) 9 and oc- 
tamers (c~[3)s, respectively [16]. B875 isolated from 
Rb. sphaeroides was proposed to consist of hexamers 
(e~[3) 6, which would associate into (cx[3)j2 or into 
higher order, ring-like, aggregates [15]. A similar 
interpretation was proposed for the R. molischianum 
B870 images [17]. The apparent molecular weight 
determined by gel filtration for the Rps. marina B870 
antenna in [3 octyl glucoside was consistent with 
(~[3)n2 [11], but for some membrane proteins this 
determination is subject o artefacts [18]. On the other 
hand, spectroscopic measurements [19,20] indicated 
the presence of eight interacting BChl dimers within 
R. rubrum B875, that is a (eLI3) 8 structure. 
Analytical ultracentrifugation is a precise tech- 
nique suitable for determining the homogeneity and 
the oligomeric state of antenna in detergent solution, 
if the presence of detergent (and possibly of lipids) in 
the sedimenting complex is adequately taken into 
account [21]. It has been applied to an eukaryotic 
LHCII antenna [22] and also to R. molischianum 
B800-850 [8], which was shown to be an octamer in 
the presence of LDAO or C~2E 8. Different ap- 
proaches were used by these two groups for eliminat- 
ing problems resulting from detergent binding to a 
protein. The former determined directly the buoyant 
factor (1-~p'9o), which is required for calculating the 
molecular mass of the protein alone, by measuring 
the density increment for the different protein con- 
centrations at dialysis equilibrium with the buffer 
components. The latter performed the equilibrium 
sedimentation experiments in buffers containing vari- 
able amounts of D20, extrapolating the results to a 
value of buffer density equal to that of the detergent, 
thus to a condition where the detergent does not 
contribute to the buoyant factor. Using the same 
method as Butler and Kiihlbrandt [22], we investi- 
gated in this work the oligomeric state of the B875 
and the B800-850 complexes from RL,. gelatinosus in 
detergent solutions (C~0S and LDAO, respectively). 
These results were used for interpreting electron mi- 
croscope images of both light-harvesting complexes 
in detergent solutions. Part of this work was pre- 
sented previously as a short communication [23]. 
2. Material and methods 
2.1. Isolation and purification of antennae 
The B875 samples from Re. gelatinosus were 
prepared as described previously [24]; for the B800- 
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850 purification [25], solubilisation of chromatophore 
membranes with LDAO followed by ion-exchange 
chromatography and gel filtration in the presence of 
this detergent were used. The purity of both antennae 
was verified spectroscopically and by SDS gel elec- 
trophoresis [26]. Purified samples were concentrated 
by ultrafiltration under N 2 on Amicon membranes to
3-5 mg protein/ml. They were finally extensively 
dialyzed (during several days) using Spectrapor 6
membranes (cut-off value: 50 kDa) at 5°C against he 
buffer used for the centrifugation experiments and for 
the density measurements: for B875, buffer A: 10 
mM Tris-HC1 (pH 8.0), 1 mM EDTA, 2 mg/ml  
Cj0S (Calbiochem); for B800-850, buffer B: 10 mM 
Tris-HC1 (pH 8.0), 1 mM EDTA, 1 mg/ml  LDAO 
(Fluka). 
2.2. Determination of the antenna concentration 
The antenna molar concentrations expressed in 
elementary (a[3) units were determined from the IR 
absorbance of the antenna solutions using the follow- 
ing extinction coefficients: %75 nm = 250 mM- ~cm- 
for B875; e850 ,m = 382 mM- Icm -1 for B800-850 
(determined as in Ref. [24]). They were converted in 
w/v  units using the primary sequences published for 
these polypeptides [2] and the mass of pigments 
bound per (cx[3), which resulted in values of 14321 
Da and 15 908 Da for the mass of elementary units of 
B800-850 and B875, respectively. 
2.3. Phospholipid analysis 
Lipids were extracted from the samples [27], and 
dissolved in chloroform/methanol (1:1, v/v). Their 
composition was checked by two-dimensional thin- 
layer chromatography on Silicagel 60 HPTLC plates 
(Merck)  using as deve lop ing  solvents  
chloroform/methanol/water (65:25:4, v /v)  in the 
first dimension and chloroform/methanol/25% am-
monia in the second one. The spots were detected by 
iodine vapor; their staining by molybdenum blue 
(Sigma) and by ninhydrin was checked. They were 
compared to pure phosphatidylglycerol and phos- 
phatidylethanolamine standards (Lipid Products). The 
amount of bound lipids was measured by fatty acid 
analysis of lipid extracts, after transmethylation with 
BF 3 [28]; the different fatty acid methyl esters were 
analysed by capillary gas phase chromatography on a 
C arb  o w ax  co lu  m n in  
chloroform/acetone/methanol/acetic acid/water 
(50:20:10:10:5, v /v)  at 170°C. Heptadecanoic acid 
(17:0) was added as an internal standard before meth- 
ylation. 
2.4. Density measurements 
The densities of samples and of buffers A and B 
were measured with a DMA06 densitometer (Anton 
Paar, Graz, Austria) at 5°C. The specific volume of 
CloS, ~c,,,s , was determined by measuring the den- 
sity changes as a function of detergent concentration 
in H20, c; in the plot of the density (g /cm 3) vs c the 
limiting slope at infinite dilution is equal to (1 -  
~c,,,S9o) where 9o is the density of water (Table 2). 
2.5. Analytical centrifugation 
An analytical Beckman Optima XL-A ultracen- 
trifuge operated at 5°C was used for sedimentation 
velocity and equilibrium sedimentation experiments. 
The cell volume was 110 Ixl. The distribution of 
concentration was determined by scanning at 376 rim, 
i.e., in the absorption Soret band of the antenna. 
For sedimentation velocity experiments the sam- 
ples of optical density 0.5-0.8 were run at 5°C during 
4 h at 50000 rpm. The sedimentation coefficient s
was estimated by a computer fit of the distribution of 
the concentration according to Eq. (1): 
1 dln r 
s -  0) 2 dt  (1)  
where co is the radial velocity in radians/sec, r is the 
distance of the boundary from the center of rotation 
at time t. The diffusion coefficient D can be deter- 
mined when a curve representing the first derivative 
of the optical density distribution in the analytical 
cell is computed; from the highest value of this curve, 
H, and the area under the curve, A, D can be 
calculated according to Eq. (2): 
A 2 
D-  4 nv tH--------- ~ (2) 
Values of s and D were extrapolated to infinite 
dilution and corrected for bringing them to 20°C. 
When the solution is monodisperse, the buoyant 
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molecular weight can be estimated from the s and D 
values according to Eq. (3) 
sRT 
Mp(l - (b 'p) -  D (3) 
where (1-+'p) is a buoyant factor detailed below and 
used for the estimation of Mp, the molecular weight 
of the light-harvesting complexes. 
For sedimentation equilibrium experiments, the 
B875 samples (OD about 0.5 at 376 nm) were cen- 
trifuged during 24 h at 5°C at 5000 rpm. The B800- 
850 samples (OD 0.3, 0.5 and 0.7 at 376 nm) were 
centrifuged with the same conditions but at a higher 
speed (15 000 rpm). At equilibrium, the distribution 
of protein concentration c in the analytical cell is a 
function of the distance from the center of rotation r 
and is related to the anhydrous protein molecular 
weight, M p by the following equation: 
(2RT/m2)(dlnc/dr 2) = Mp(1 - qb'p) (4) 
where p is the solvent density in g /cm 3 and (1-gb'p) 
is the buoyant density factor, which includes contri- 
butions from the protein and all bound solvent com- 
ponents. (dlnc)/dr 2 is identical to (dlnA/dr2), 
where A is the absorbance due to the protein (mea- 
sured here at 376 nm). In the case of a pure and 
homogeneous protein, the plot of In A vs r 2 is linear 
and its slope is proportional to the buoyant molecular 
weight Mp(l-(b'p); Mp can thus be determined if the 
buoyant factor is known. This factor depends on the 
specific volume of the protein and of the other com- 
ponents edimenting with it; for a membrane protein 
in detergent solution, it is defined by Eq. (5) [21]: 
(1 - - (b 'P )= (1 -- Vpp) -t- ~det(1 -- VdetP )
-+- alip(1 -- Vlipp ) (5) 
where ~, is the protein partial specific volume, ~det 
and Sli p the amounts (w/w)  of detergent and lipid 
bound to the protein, respectively, ~aet and ~,p their 
partial specific volumes. 
The buoyant factors were measured irectly by 
determining the density of antenna solutions (previ- 
ously equilibrated with the solvent components by 
dialysis) as a function of the (protein + pigment) 
concentration. A plot of p(solution) vs c (grams 
protein + pigment/cm 3) is used to obtain the limit- 
ing slope at infinite dilution which is equal to (l-oh'p) 
where p is the density of the solvent [21,22]. 
The dependence of M p on the antenna concentra- 
tion c was taken into account according to Eq. (7) 
(M,,)-I : (Mw.p)-I + Bc (7) 
where B is the second virial coefficient. M w, p ob- 
tained by extrapolation to infinite protein dilution is 
equal to the real molecular mass. 
The amount of bound detergent gdet was calculated 
for the B800-850 antenna from the measured value of 
the buoyant factor using Eq. (5), where values for ~p, 
~d~t, ~p,  and measured ~lip were introduced. Vp was 
calculated from known amino acid [2] and pigment 
composition of B800-850 [24], using Yraube's vol- 
ume additivity rule [29] and published values of the 
residues specific volumes [21]. For Bchls and 
carotenoids we used the published partial specific 
volumes [30]. ~lip was estimated from fatty acids 
content and an average value of Vlip was calculated 
according to the phospholipid composition. VdetWaS 
measured by pycnometry for C ~o S (cf. Section 2.3); a 
published value was used for LDAO [8]. 
2.6. Electron microscopy 
Electron microscope images were taken on a 
Philips CM12 electron microscope operating at 80 
KV, using a nominal magnification of 35K. 5 ILl of 
sample was fixed on a carbon grid and negatively 
stained with 2% uranyl acetate solution. 
3. Results 
3.1. Lipid content of the isolated antenna 
Thin-layer chromatography of lipid extracts 
showed that several phospholipids were present in the 
B800-850 samples: phosphatidyl-glycerol and 
-ethanolamine were identified, together with a minor 
lipid which could be an O-ornithyl-phosphatidyl 
glycerol [31]. In the isolated B875 only phos- 
phatidylethanolamine was detected. The amount of 
bound lipids was inferred from the amount of fatty 
acid residues measured by GPC. Results (Table 1) 
indicated that a few phospholipid molecules are still 
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Table 1 
Analysis of residual phospholipids in the purified B875 and 
B800-850 complexes from Re. gelatinosus: fatty acid composi- 
tion 
Fatty acid B875 Content B800-850 Content 
chain (mol per cq3) (mol per 0~[3) 
16:0 1 1.2 
16:1 0.4 0.7 
18:0 0.6 0.3 
18:1 0.6 1 
total 2.6 3.2 
bound to the isolated antennae: about 1-2 molecules 
per o~[3 unit. 
3.2. Analytical centrifugation of B800-850 samples 
Sedimentation velocity measurements indicated 
that the B800-850 samples were monodisperse. The 
coefficients of diffusion, D, and of sedimentation, s, 
were determined (Table 2) and extrapolated to 20°C 
and to infinite dilution. They were used for choosing 
convenient conditions for sedimentation equilibrium 
and also for determining the value of the buoyant 
molecular weight Mp(l-qb'p) according to Eq. (3) 
(Table 2). 
Three samples of different optical densities were 
centrifuged to equilibrium. The plots of ln(A) vs r 2 
were linear (Fig. la) with slightly different slopes 
corresponding to values of Mbuoyant=Mp(1-~'p) 
equal to 22350, 22150 and 22030 Da. The buoyant 
density factor (1-dip) was determined by the mea- 
Ln(A) 
0 
-! 
-2 
-3 
/ 
/ , /  
,Y 
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r2 (cm2) 
Ln(A) i 
s' / 
,.J - 2 _j,, 
"3 / ,4i 
- 4 t.I '':'%'~J~'l:/ 
~. , J___ J . . . . .  
49 50 51 
r2 (cm2) 
/.2 Fig. 1. Plot of In(A) versus at equilibrium in analytical cell 
for: (top) a B800-850 sample (initial OD = 0.5 at 376 nm), and 
(bottom) a B875 sample. A is the absorbance measured at 376 
nm, /. the distance to the axis of rotation. 
surement of the density of antenna samples, previ- 
ously equilibrated by dialysis against he centrifuga- 
tion buffer, as a function of the concentration of the 
Table 2 
Parameters for analytic centrifugation of B800-850, B875, and determination of their molecular weights 
B800-850 B875 
9 (buffer) 1.000395 g /cm 3 
Vt~800- ~50(5°C) 0.777 cm3/g 
VLDAO(5°C) 1.114 cm3/g 
V,p(aver., 5°C) 0.887 cm3/g 
(l-dYp) 0.1950 _+ 0.0036 
~LDAO 0.38 g /g  prot. 
~tip 0.15 g /g  
(g2o.w)c 2.7 S 
(D2o.,,)~ 2.52e-7 cm2/s 
M,. 111 710 + 9048 Da 
oligomer 7.0 + 0.6 
9 (buffer) 
VB~75(5°C) 
Vc,,s(5°C) 
V/,,(aver., 5°C) 
(l-t'b'p) 
~CIOS 
lip 
(S 20.,, )c 
(D  20.w )c 
m r 
oligomer 
1.00525 g /cm 3 
0.795 cm3/g 
0.769 cm3/g 
0.887 cm3/g 
0.71 + 0.02 
2.23 g /g  prot. 
0.1 g/g 
180654_+ 18618 Da 
12.6 _+ 1.3 
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antenna. The plot of density vs. protein concentration 
was linear and the slope gave directly the searched 
factor (1-qb'p) = 0.195 (Fig. 2). The values of Mp 
could then be calculated for the three samples and 
plotted according to Eq. (7) for extrapolation to 
infinite dilution (Fig. 3). The molecular mass of 
B800-850 was found to be 112 kDa, corresponding to
an oligomer containing 7 e~[~ units (Table 2). 
Let us now estimate the possible error of this 
determination. The errors of the fits in Figs. 2 and 3 
are 1.84% and 0.14%, respectively. The absorption 
coefficient of B800-850 was determined with a preci- 
sion of 3.3% and uncertainty of molecular weight of 
B800-850 elementary unit (containing either 1 or 2 
carotenoid molecules) amounts to about 2.8%. By 
accumulation of these errors, we estimate the maxi- 
mal range of the oligomery degree: 7.0 _+ 0.6 (which 
corresponds to 8.1% error). 
The estimation of molecular weight from sedimen- 
tation velocity gives a value of 118 kDa (7.5 oL[3 
units). As a whole, these results indicate that B800- 
850 is isolated as a heptameric omplex in LDAO 
solution. 
Using Eq. (5) and the measured buoyant factor, the 
amount of bound LDAO was calculated. 0.38 g of 
LDAO per g of protein was found, that is, 28 LDAO 
molecules per c~/[3 unit. 
We should add that we tried to measure directly 
the amount of bound detergent using the method of 
Gast et al. [32]. B800-850 samples were first depleted 
of LDAO by extensive treatment with BioBeads. 
895 i 
8.9- 
885- 
~ 8.8 
E 8.75- 
8.7 
8,65- 
8.6 
8.55 
0 
Protein concentration (g/ml) 
(Times 10E-8) 
Fig. 3. Extrapolation of the B800-850 molecular weight to zero 
protein concentration. 
which resulted in precipitation of the antenna; then 
the precipitates were titrated with LDAO until their 
complete solubilisation, followed by turbidity mea- 
surements. However, as described elsewhere [25], the 
spectral properties of the antenna were modified by 
this treatment, indicating a partial denaturation of the 
complex. The value determined by this method for 
the amount of bound LDAO (which was higher than 
that determined above) was thus not reliable. 
3.3. Analytical centrifugation of B875 samples 
The estimation of s, D and M r for B875 samples 
was not possible from sedimentation velocity because 
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23 
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Y / 
Y 
0.0£)05 0.601 0.0015 0.(~2 0.0025 0,603 
protein concentration (glcm3) 
0.0035 
Fig. 2. Determination of the buoyant factor as the slope of the plot of the sample density against its pigment-protein concentration, for 
B800-850 (left) and B875 (right), 
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the boundary did not migrate following Eq. (1). It 
indicated that the solutions were not monodisperse. 
Similarly, during sedimentation equilibrium experi- 
ments the plot ln(A) vs r 2 was not linear (Fig. 1); it 
was fitted with at least two lines of different slopes. 
By evaluating the two best samples and by taking 
into account only the initial slope of the plot, the 
value of Mbuoyan t was estimated to 123 100-134400 
Da. The buoyant factor was determined by measuring 
the density of B875 samples at various concentrations 
(Fig. 2, Table 2). Therefore the minimum molecular 
mass of this antenna should be in the range 172-189 
kDa, compatible with an oligomer composed of 12.6 
+_ 0.6 oL[3 units. This error increases to 12.6 + 1.3, if 
we add the errors on the e and (1-+'13) determinations 
(2.6% and 2.8% respectively). Extrapolation to zero 
protein concentration was not done but as very low 
concentrations of B875 were used, the real oligomeric 
state should not differ appreciably from the measured 
one but might be slightly lower. From this result we 
conclude that the smallest oligomer is most probably 
a dodecamer (o~/[3/2 BChl a /2  Car)j2. We also 
identified larger particles at the bottom of the analyti- 
cal cell (from other part of plot lnA vs r 2) with Mp 
values higher than 400 kDa. 
From the measured buoyant factor and after the 
correction for bound lipids, the amount of detergent 
bound to the B875 complex was calculated according 
to the Eq. (5). A large amount of bound C l0 S (2.3 g 
per g of protein, i.e., 64 detergent molecules per 
c~/[3) was found. Thus the mass of the detergent/an- 
tenna complex should be close to 600 kDa, a value 
being in good agreement with that estimated by gel 
filtration [24]. 
3.4. Electron microscopy 
The negatively stained images of the B875 and 
B800-850 antenna complexes from Rt,. gelatinosus 
are shown in Fig. 4. In B875 samples, rings of 
various diameters are seen, most of them with an 
outer diameter in between 150 and 200 A (Fig. 5). 
Fig. 4. Electron microscope images of B875 (a) and B800-850 (b) in the detergent solutions. Magnification is 105000 x in (a) and 
135 000 × in (b). The scale bar represents 50 nm. 
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Fig. 5. Distribution ofthe diameters of the B875 rings. 
Several rings are seen from the top with a central 
black hole of about 25 ,~ diameter. The rings proba- 
bly consist of a cyclic dodecamer with the surround- 
ing bound detergent. Besides, rings tend to aggregate 
on the top of each other and to form short piles, seen 
here from the side and having a diameter of about 
180 A. The thickness of the rings forming a pile can 
be measured to be about 35-40 A. This number 
corresponds to the thickness generally assumed for 
the hydrophobic region of biological membranes. 
The B800-850 samples howed particles of a dif- 
ferent shape. Most of them were rod-like and viewed 
from the side, with an outer diameter of 75 ,~ and 
variable length. Isolated particles, viewed from the 
top, were also present. The rod-like ones seemed to 
consist of stacks, but the resolution was not sufficient 
for determining the size and shape of their building 
blocks, Because of the same reason, the isolated 
particles (which could be the heptamers detected by 
centrifugation) were too small to be precisely distin- 
guished from the background. 
4. Discussion 
Most of the difficulties in the interpretation of the 
analytical centrifugation experiments stem in the de- 
termination of the buoyant factor. We have used a 
direct method for its determination, which is accurate 
enough as shown for another membrane protein [22]. 
This direct measurement is based on density varia- 
tions at various protein concentrations and requires a 
high precision in density determinations (i.e., detec- 
tion of small density variations on the 5-6th decimal 
place). The principle of the densitometer we used is 
the measuring of vibration frequencies; this technique 
is very precise because the frequency of vibrations is 
strongly dependent on density [33]. Another require- 
ment is an accurate measurement of the absolute 
concentration f the antenna (i.e., protein + pigment), 
which rested on known spectroscopic and biochemi- 
cal parameters (absorbance and extinction coeffi- 
cients, polypeptide sequences, pigment content). The 
last requirement concerns the chemical potential of 
the antenna which should be constant in the various 
samples, a condition fulfilled by equilibration with 
the buffer across a semipermeable membrane for 
7-10 days. 
Centrifugation results indicated that B800-850 from 
RL,. gelatinosus in LDAO solution was monodisperse 
and built from 7 oL/[3 subunits, each containing 3 
BChl a and carotenoid. The monodispersity of the 
solutions was otherwise confirmed by FPLC gel fil- 
tration experiments [25]. At first view these observa- 
tions seem difficult to reconcile with the electron 
microscope images, where most of the objects were 
thread-like particles viewed from the side, of uniform 
diameter but of variable length; small particles 
(viewed from the top) were also present, but the 
resolution did not allow to determine precisely their 
shape (whether ing-like or not). The thread-like ob- 
jects were probably formed by the stacking of these 
small units. The possible explanation is that samples 
used for electron microscopy were much more con- 
centrated (minimally 10 X ) than for analytical cen- 
trifugation; probably at these higher concentrations 
B800-850 starts to aggregate as similarly observed 
for B875. But its solubility is higher than that of 
B875 and in dilute solutions (used in analytical cen- 
trifugation) B800-850 exists as a single heptamer. It
may be noted that the negatively stained images of 
Rb. sphaeroides B800-850 antenna isolated with do- 
decyl-maltoside [15] showed particles of comparable 
lateral dimensions (85 ,~ diameter) which also tend to 
stack. 
If we take into account he molecular weight deter- 
mined for the B800-850 heptamer, the amount of 
bound LDAO and the partial specific volumes of 
both, we can calculate a particle volume of 136 500 
A3. It would correspond to a ring of 75 A of outer 
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diameter with a central hole of 25 A (considering a 
thickness of 35~, as in B875). B800-850, without 
detergent, would have a volume of 86 800 ~3 which 
represents about 85% of the theoretical volume we 
computed from the known parameters of the B800- 
850 nonameric ring from Rps. acidophila (a protein 
ring with 68 A of outer diameter, a central hole of 36 
A diameter, and a thickness of 39 A [5]). 
In the heptamer containing 21 BChl a, the 14 
BChls absorbing at 850 nm should form an array 
where the excited state is delocalised. Besides 1.2-1.3 
Car molecules were found per ot/[3 [24], which leads 
to about 9 Cars per B800-850 heptamer. This ratio is 
somewhat lower than those generally published (1.5 
Car per oL[3) [34,35]; one should note, however, that 
only 1 carotene per oL/[3 unit was found in R. 
molischianum B800-850 [8]. In the three-dimensional 
crystals of B800-850 from Rps. acidophila, nine 
Cars only were observed in the nine o~/[3 subunits 
but it was not excluded that some carotenoids were 
lost and replaced by detergent [5]. 
An heptameric aggregation of the isolated B800- 
850 antenna in LDAO solution has not been observed 
in other bacterial species: besides the 9 oL/[3 subunits 
in B800-850 from Rps. acidophila, [5] o~/[3 octamers 
were observed by analytical centrifugation for the 
B800-850 complex isolated from R. molischianum 
with different detergents [8], whereas 6 o~/[3 subunits 
were proposed as building blocks for Rb. sphaeroides 
B800-850 in detergent solutions, using electron mi- 
croscopy and image processing [15]. Recently the 
antenna isolated from Rb. capsulatus and from Ec- 
tothiorhodospira sp. were proposed to be nonameric 
and octameric, respectively [16], and it was con- 
cluded that the isolated antennae can have different 
oligomeric degrees, resulting from species-linked dif- 
ferences at the level of the polypeptides. It should be 
stressed that RL'. gelatinosus f3 polypeptide has a 
rather hydrophobic C terminal extension longer than 
in other species. Other significant differences concern 
carotenoid content and type, and also amount and 
nature of bound lipids. The degree of oligomery 
could also change with the state of the antenna: it 
might be different in the crystal, in detergent solu- 
tion, and in vivo as well. 
Re'. gelatinosus B875 in C ~0 S solution was shown 
by analytical centrifugation to be polydisperse; the 
smallest oligomer was a dodecamer of the basic unit 
~/[3/2BChl a/2 hydroxyspheroidene. Recently, 
Karrasch et al. [9] have solved the three-dimensional 
structure of B875 from R. rubrum at 8.5 A resolu- 
tion. The electron density map has been interpreted 
by the presence of 16 ~/[3 subunits forming a regu- 
lar ring with a diameter of 116 A. Generally, a 
diameter of about 100 A [11,17,36,37] was observed 
for ring-like particles, considered as ~/[3 dode- 
camers building the core complex. Electron micro- 
scope images of RL,. gelatinosus B875 in detergent 
solution showed also ring-like particles with diame- 
ters in the range 150-200 A. This heterogeneity is 
probably due to the distortions during the preparation 
of the samples for electron microscopy. Taking into 
account a B875 dodecamer, the known amount of 
bound detergent and the partial specific volumes of 
both, we calculated the theoretical volume of this 
0 3 
particle (680 000 A-). This wouldocorrespond to a 
ringowith an outer diameter of 160 A, with a hole of 
25 A and a thickness of 35 A. Furthermore, if we 
suppose that the detergent is equally bound both on 
the outer and inner sides of the hydrophobic ring, a 
26 A layer of Cu~S bound on both sides, and a 
proteic ring with 108 A outer diameter and a 75 
hole could be calculated. These numbers fit well with 
the values published for the size of the core antennae 
in other bacteria, also supposed to be dodecamers 
[11,17,37,38]. 
The electron microscopy images indicated a strong 
tendancy to aggregation by stacking. B875 samples 
tended to aggregate ven in detergent solution; after 
several weeks at 5°C, samples often precipitated, 
contrary to B800-850 ones. This could explain the 
heterogeneity observed uring analytical centrifuga- 
tion, where aggregation could be promoted by the 
gravitation field. We may note that this stacking 
persisted even during reconstitution of the B875 sam- 
ples with lipids (unpublished observations). 
We can only speculate about the oligomeric state 
of the subunit form of B875, called B820, which is 
derived from B875 at high ionic strength and which 
is devoid of carotenoid [24]. In other bacterial species, 
it is still unclear if B820 consists of (c~/[3) or 
(a/J3) 2 units. The apparent molecular weight we 
determined by gel filtration is quite low (20 kDa), but 
this value is probably falsified by anomalous retarda- 
tion. The technique of analytical centrifugation as 
used in this work is unfortunately not suitable for 
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B820 characterisation because too large amounts of 
concentrated protein are needed for the buyoant den- 
sity factor measurement. Additionally, the high con- 
centration of ammonium sulfate which is needed for 
the stabilisation of B820 would be troublesome. 
We hope to give more precise images about the in 
vivo arrangement of these antenna complexes by 
their reconstitution into liposomes and by electron 
microscopy. The heptameric state of B800-850 in 
LDAO solution will ultimately be confirmed by the 
resolution of the 3-dimensional structure of this an- 
tenna, which has been recently crystallized [39]. 
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